Abstract-The operation of a direction-switched mode-locked fiber laser gyroscope is described. We observed a large bias in the beat frequency output, and found that it was caused by the optical Kerr effect when the two counterpropagating pulses in the laser cavity have different optical powers. The beat frequency bias was 65 Hz per 1 mW of power difference when the scale factor of the gyroscope was 0.43 kHz/( /s). We found that a small amount of backscattering in the laser cavity could result in random fluctuations in the beat frequency. It is shown that the random frequency noise can be suppressed efficiently by applying push-pull phase modulation in the laser cavity.
I. INTRODUCTION

S
IGNIFICANT efforts have been devoted to the development of the fiber-optic gyroscope (FOG) for more than two decades, and the application areas of FOG's have expanded rapidly with their all-solid-state construction. In some areas, they are competing with or supplementing the well-established ring laser gyroscope (RLG) technology which is based on the He-Ne laser.
In recent years, attempts have been made to realize a RLG using a solid-state gain medium [1] - [3] so that the advantages of both FOG and RLG can be incorporated into a rugged gyroscope with simple signal processing. One of the major difficulties of the solid-state RLG approaches comes from unavoidable gain competition between the counterpropagating laser beams, coupled with the complications due to backscattering in the laser cavity [4] , [5] . Optical gain from the stimulated Brillouin scattering process in glass fiber provides an attractive solution for the gain competition problem, but it also requires a complicated control mechanism associated with the pumping process [6] , [7] . Operation with short optical pulses and semiconductor amplifiers with fast gain recovery [2] would be an interesting alternative if the laser cavity can be constructed in a solid waveguide format. The use of an erbium-doped fiber amplifier (EDFA) in a conventional allfiber RLG configuration has a simple optical construction, but the problems of gain competition and backscattering prevented further development [3] , [8] . Manuscript We have introduced a novel configuration for a directionswitched mode-locked Er-doped fiber laser gyroscope and demonstrated the possibility of using it as a solid-state RLG [10] . Although the operating principle has been demonstrated, the gyroscope performance needs to be improved greatly before it can be considered practical. We have been studying some of the error sources and found that the optical Kerr effect induced error is the major one, as reported in this paper.
In the following section, the operation of the directionswitched fiber laser gyroscope is described in detail. Next, the beat frequency bias induced by the optical Kerr effect is analyzed. Finally, an efficient way of suppressing a relatively large fluctuation of the beat frequency bias is presented. Fig. 1 shows the basic configuration and operation principle of the fiber laser gyroscope. The laser cavity is composed of a linear part and a loop which are connected to each other by a 1 2 electrooptic switch. A fiber Bragg grating is used as a cavity mirror. The switch is operated in such a way that two mode-locked pulses propagate in the laser cavity; one pulse propagates through the loop in a clockwise direction (CW pulse) as in Fig. 1(a) , and the other pulse propagates in a counterclockwise direction (CCW pulse), as in Fig. 1(b) . Although the cavity of this laser appears to be linear, the two pulses traverse the loop in the opposite direction, and the laser operates in the same way as the bidirectional ring laser. Therefore, the CW pulse and the CCW pulse experience the 0018-9197/99$10.00 © 1999 IEEE same optical path length except for the difference induced by the Sagnac effect that produces an optical frequency difference for the two pulses.
II. BASIC CONFIGURATION AND OPERATING PRINCIPLE
One of the advantages of this configuration over a straightforward Er-doped fiber ring laser which we have studied [3] , [8] , [9] is that it is possible to use the fiber Bragg grating which limits the spectral bandwidth of the cavity and stabilizes the laser spectrum. Furthermore, the mode-locked pulse operation reduces the coupling between the counterpropagating waves due to backscattering [2] , [11] , because it takes place only when the pulses overlap. The positions where the pulses meet are determined by the fiber lengths in different sections of the laser cavity and the operating parameters of the switch. It is well known that backscattering in the ring laser can lead to serious problems such as frequency lock-in and laser output power instability [4] , [5] , [12] . The polarization reciprocity is automatically satisfied regardless of the birefringence of the fiber laser cavity, as explained in [3] .
The formation and propagation of the pulses is dictated by the operation of the 1 2 switch. The switch used in this laser was a LiNbO waveguide Mach-Zehnder interferometertype amplitude modulator with push-pull modulation (see Fig. 2 ). The transmission through this device has a sinusoidal dependence on the phase difference between the two interferometer arms that can be controlled by ac and dc electric signals. When is modulated by a square wave voltage, as shown in Fig. 3(a) , the normalized transmission between the ports 1 and 2 is shown in Fig. 3(b) and the normalized transmission between ports 1 and 3 is shown in Fig. 3(c) .
is the propagation time of a pulse from the fiber Bragg grating to the switch, and is the propagation time from the switch to the switch through the fiber loop. The period of the square wave voltage is the same as the round-trip time of the pulse in the cavity, and . A CW pulse that passes through the switch at time propagates through the loop in the clockwise direction and, after time , passes through the switch into the linear section at time . It passes through the switch again after time . A CCW pulse that passes through the switch into the linear section at time comes back to the switch after time and then passes through the switch into the loop at time . It propagates in a counterclockwise direction in the loop, and, after time , it passes through the switch again. Note that the pulses go through the switch at the timing of peak transmission at all times.
The transmission coefficient during the time period between and in Fig. 3(b) was chosen so that no additional pulse could be produced at a different timing. For example, if the transmission coefficient is zero during the time period between and in Fig. 3(b) , the transmission coefficient in Fig. 3 (c) becomes unity for the same period. This leads to the generation of an extra pair of CW and CCW pulses that complicates the situation. The propagation time and should not be the same to guarantee that the two counterpropagating pulses do not overlap inside the switch, where strong mutual coupling can occur due to large backscattering.
In this way, the two mode-locked pulses propagating in opposite directions can be obtained, and their optical frequency difference depends on the rotation rate input as
Here is the area enclosed by the optical path in the laser, is the laser wavelength, is the refractive index, is the total length of the laser cavity, and is the rotation rate. Fig. 4 shows the schematic of the experimental setup. We used a 6-m-long erbium-doped fiber (EDF) (erbium ion concentration of 250 wt ppm) as a gain medium. The fiber lengths in the linear part and the loop part were, respectively, 16 m and 56 m. All the fibers were conventional singlemode fibers except for the gain medium and the 1-m-long polarization-maintaining fiber pigtails of the switch. A WDM (1550/980 nm) coupler was used to direct the pump light from a 980-nm laser diode into the EDF. The fiber Bragg grating used in this experiment has a center wavelength of 1530 nm, a bandwidth of 0.1 nm, and a peak reflectivity of 99%. Two phase modulators, PM-1 and PM-2, were inserted in the loop for push-pull modulation which will be discussed in Section V.
III. EXPERIMENTAL CHARACTERIZATION
A square wave modulation signal (rise time of 12 ns) was applied to the switch with a proper bias voltage as shown in Fig. 3 . The modulation frequency was about 2.3 MHz, corresponding to the fundamental longitudinal mode spacing, and a fine adjustment was made to obtain stable mode-locked pulses. Polarization controllers (PC's) were used to maximize the output power because the switch transmitted only one linear polarization. The threshold pump power was about 17 mW, and the operating pump power was 35 mW in all the experiments. A directional coupler (DC-2) was placed in the loop simply to observe the mode-locked pulse trains separately depending on their propagation directions [ Fig. 5(a) ]. However, it is not an essential component for the operation of the gyroscope. The pulsewidth was about 2 ns and the repetition rate of the pulses was the same as the modulation frequency. The measured peak power of the two pulses was different because they experience different losses and gains at different positions in the cavity. The optical spectrum was measured by using a scanning Fabry-Perot interferometer [ Fig. 5(b) ]. The spectral width was about 300 MHz. The spectra for the CW pulse and the CCW pulse appeared almost identical in shape and position, and no laser frequency hopping was observed. The two pulses were arranged to meet at DC-3 by properly adjusting the delay fiber length. The CW and CCW pulses interfered with each other and produced an interference signal with a fringe visibility greater than 0.95.
When the laser was rotated on a rate table, a beat signal was observed in the envelope of the pulse train. Fig. 6(a) shows a typical oscilloscope trace of the beat signal obtained by sending the detector signal through a low-pass filter with a 3-dB bandwidth of 30 kHz, when the rotation rate was 5 /s. A clear sinusoidal beat signal at 2.15 kHz can be seen, and Fig. 6(b) shows that the power of the beat signal was more than 30 dB greater than the relaxation oscillation noise. The second peak was at the second harmonic frequency of the main signal, which indicates the amount of the signal distortion. When the rotation rate was smaller than approximately 1 /s, the beat signal disappeared. This is a well-known lock-in phenomenon. Fig. 7 shows the beat frequency as a function of the rotation rate, presenting a good linearity. The scale factor was measured to be 0.43 [kHz/( /s)] which agrees well with the calculated scale factor given by (1).
IV. BEAT FREQUENCY BIAS INDUCED
BY THE OPTICAL KERR EFFECT Although the basic operation principle was clearly demonstrated, we observed a beat signal even without rotation input. The beat frequency bias could be as large as a few kilohertz, and it showed a relatively large drift and fluctuation, as shown in Fig. 8 . The beat frequency was measured by using a frequency counter. A data point was an averaged value over about 500 ms with 100 ms of dead time for data acquisition. The origin of the bias was determined to be the optical Kerr effect due to the optical power difference between the CW and CCW pulses. Random noise will be discussed in detail in Section V.
If we consider only the self Kerr effect (cross-phase modulation is very small because the pulsewidth is small), the induced beat frequency is given by (2) where is the optical frequency, m W in silica [14] , is the effective refractive index, m is the effective area of the mode, and is the peak power difference betweem the CW and CCW pulses. can vary from 2/3 for circular polarization to 1 for linear polarization. Here, we assumed a square pulse shape for simplicity. The calculated value of for this system ranges from 51 Hz/mW for circular polarization and 76 Hz/mW for linear polarization.
The beat frequency bias was measured as a function of the power difference of the pulses. The peak pulse power was estimated based on the output optical power at the ports of DC-2. Since the pulse power varies as a function of position in the laser cavity, an estimated average of the peak power in the laser cavity was used. Fig. 9 shows the beat frequency as a function of the difference between the peak power of two pulses inside the cavity. The value of the fitted slope in Fig. 9 is 65 (Hz/mW) and it corresponds to the value of falling within the range of estimated above. Since the optical power difference tends to vary slowly in time, we observe Kerr induced bias drift from the fiber laser gyroscope. The bias due to the optical Kerr effect in this fiber laser gyroscope can be much larger than that in a conventional RLG or a conventional FOG, because the fiber laser gyroscope operates in a pulse mode with high peak power. In order to reduce the Kerr effect induced error, the peak power of the pulses should be carefully balanced, which may be a difficult task but can be dealt with. Techniques for the suppression of the Kerr induced error are under investigation.
In the above experiment, the relative power change was controlled by tuning the modulation frequency of the switch. The modulation frequency could be detuned as much as 500 Hz without affecting the stable mode-locking operation. Within this range, the relative intensity of the two pulses could be changed as a function of the frequency detuning. The origin of this phenomenon comes from the time-varying loss modulation in the switch, but the details are outside the scope of this paper. In the experiment of Fig. 7 , the beat frequency bias was set to zero by adjusting the peak power of the pulses.
V. EFFECTS OF BACKSCATTERING
When the bias beat frequency was present, we observed a modulation of the pulse intensity in each of the CW and CCW pulses, as shown in Fig. 10 . The modulation frequency was the same as the bias beat frequency, and the intensity modulation in the CW and CCW pulse trains was out of phase. When the two waves were at the same optical frequency without beat frequency bias, the relative intensity varied slowly in time. Similar phenomena have been observed in a He-Ne ring laser [13] and a fiber ring laser [8] , [9] , and they were explained as the effect of backscattering. The coupling between the counterpropagating waves due to backscattering causes the modulation of the relative intensity as a function of the phase and amplitude of the scattered wave. Therefore, it is expected that backscattering can cause rotation rate measurement error through the Kerr effect.
In an effort to determine the origin of the random noise in the beat frequency shown in Fig. 8 , we have measured the correlation between the peak-to-peak amplitude of the intensity modulation, average optical power in one of the pulse trains, and the beat frequency. The results are shown in Fig. 11 , which shows strong correlations between the three parameters. From the results, we can conclude that the backscattering-induced relative intensity change results in a beat frequency change via the Kerr effect. Since the amplitude and the phase of the backscattering light is sensitive to environmental parameters, it is important to suppress the backscattering effect to achieve stable and low-noise operation.
In order to verify and suppress the backscattering effect, we implemented a push-pull phase modulation of the laser cavity, as has been used in other forms of a laser gyroscope [15] . The technique uses the modulation of the phase of a backscattered wave to cancel the interference effect on time average. Two cylindrical piezoelectric phase modulators (PM's) were placed in the laser cavity at symmetric positions. This means that the time taken for a pulse to propagate from PM-1 to PM-2, shown in Fig. 4 , through the linear part and the loop were the same. They were modulated sinusoidally in antiphase at 25 kHz. When the amplitude of the phase modulation was set to be 2.4 rad, the beat signal near dc disappeared and shifted near the modulation frequency of 25 kHz, as shown in Fig. 12 . The output signal was gated by a square wave at 25 kHz and was sent to a low-pass filter with a 3-dB bandwidth of 3 kHz to obtain a beat signal. Under this condition, the intensity modulation in the laser power disappeared, as shown in Fig. 13(a) . Fig. 13(b) shows the beat frequency measurement when the push-pull phase modulation was turned off and on. It shows clearly that push-pull modulation suppressed the beat frequency bias noise by removing the backscattering effect.
VI. CONCLUSION
We have described in detail the operation of a directionswitched mode-locked Er-doped fiber laser gyroscope. The beat frequency bias induced by the optical Kerr effect was analyzed experimentally and theoretically, and we found that the power difference of 1 mW resulted in a beat frequency bias of 65 Hz. We also observed that beat frequency noise originates from the interplay between the backscattering effect and the optical Kerr effect. It has been demonstrated that it could be suppressed by using push-pull phase modulation in the laser cavity.
